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LASER RAMAN SPECTROSCOPY OF ULTRAVIOLET-INDUCED CATARACTS
IN RABBITS AND MONKEYS

INTRODUCTION

This research, on Raman spectroscopy of ultraviolet (UV)-induced cataracts
in rabbits and monkeys, had four main objectives: (a) to develop a Raman tech-
nique for measuring spectra of rabbit and monkey lenses; (b) to measure Raman
spectra before and after a UV laser exposure; (c) to determine molecules or
groups responsible for any spectral differences; and (d) to formulate a mech-
anism of UV cataractogenesis identifying possible precursors to opacification.
All of the objectives set forth in the protocol have been met. Considerable
knowledge has been gained concerning UV laser exposures to rabbits and monkeys,
surgical procedures of lens extraction, and lenticular spectral data (1-7).
Also, from our work, new avenues of research have been opened toward character-
izing other cataracts and clinical application of the Raman technique.

This effort used Raman spectroscopy as a nonperturbing molecular probe to
quantify changes that have occurred during UV laser-induced cataractogenesis.
Intact lenses enucleated from anesthetized rabbits and monkeys, previously
exposed to various energies of UV laser radiation, were examined using Raman
scattering; and changes in their Raman spectra after radiation exposure were
noted. These changes were interpreted in terms of determining a damage mech-
ani sin.

MATERIALS AND METHODS

Laser Exposure Systems

Two different lasers were used for making ocular exposures to ultraviolet
radiation. Initially, a Spectra Physics Model 185 helium-cadmium (HeCd) laser
(1250 W. Middlefield Rd., Mt. View, Calif. 94042) was used; this laser emitted
a gaussian beam with a ( diam. of 1.5 mm at 325 nm with an average power of
25 mW. MacKeen et al. (8) used the same laser in their animal exposures. The
majority of the animals were exposed with a Molectron Model UV-1000 nitrogen
(N2) laser (177 N. Wolfe Rd., Sunnyvale, Calif. 94086). This laser operates at
337 nm and emits 10 pulses/sec, each pulse being 10 ns in duration. Average
power measured at the laser aperture was nominally 50 mW, corresponding to
5 mJ/pulse. A Scientech Model 36-0001 laser power meter (5649 Arapahoe,
Boulder, Colo. 80303), used for all power measurements, is likewise described in
this report.

Anesthesia Techniques

Mature Dutch-belted rabbits (2-4 kg) and rhesus monkeys (3-5 kg), with
normal corneas and lenses, were used in these experiments. A Nikon slit lamp
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was used to monitor and record corneal and lenticular conditions before and
after exposure. Atropine (1%, Alcon) was instilled one day before exposure as a
mydriatic and cycloplegic agent, and tropicamide (1%, Alcon) was administered
one-half hour before exposure. For anesthesia during exposure, rabbits were
given intramuscular injections of Rompun (xylazine, 1.1 mg/kg, Haver-Lockhart)
and Vetalar (ketamine hydrochloride, 2.2 mg/kg, Parke-Davis). Restraint anes-
thesia for monkeys was ketamine hydrochloride (10 mg/kg). The initial deep
anesthesia for monkeys was sodium pentobarbital (20 mg/kg), administered intra-
venously; deep anesthesia was maintained as needed during an experiment.

Animal Exposures

Only rabbits were exposed to the HeCd laser. The rabbits were anesthe-
tized, placed in a holding box, and their corneal surfaces exposed to the direct
unattenuated beam of 25 mW for 8 to 32 min. These exposures did not produce
definite lenticular opacification when observed with a slit lamp, and are not
discussed further. Exposures with the Molectron N2 laser were then attempted.
Zuclich and Connolly (9) have shown that the N2 laser produced immediate cata-
racts in monkeys.

A diagram of- the optical train used for N2 laser exposures of both rabbits
and monkeys is shown in Figure 1. The laser aperture is 6 x 25 mm, and the
laser radiation is best described as being emitted in a TEM10 mode. A quartz
lens with a 20-cm focal length was used to focus the beam to a minimum diameter
on or near each animal's corneal surface. This technique provided maximum
energy density in the lens, since beam size changed very little in the small
distance between the corneal surface and the lens. Minimum beam size was
approximately 1 x 3 mm. Average power was measured, at the beam waist, both
before and after an exposure; variations in average power were less than 10%.

For exposures above the threshold of lenticular damage, the pellicle (shown
in Fig. 1) was not used. A Gerbrands Model 300 digital timer and a Model G-1166
shutter were used to time the pulse train exposures (usually 9.9 sec, but some-
times as short as 1 sec). The unattenuated laser beam (5 mJ/pulse) was used to
make suprathreshold exposures. In order to create large opacities on the
exposed lenses, a device was built to sweep the laser beam across an animal's
cornea during an exposure. A stepping motor was used to move the animal plat-
form up or down at switch-selectable rates. After some initial experimentation,
the stepping motor switch was set to sweep the laser beam over 1 - 2 mm during a
9.9-sec exposure.

The beam-sweep device was also useful when performing subthreshold
exposures. First, a suprathreshold exposure of 1 - 2 sec was made at a site
slightly above the optical axis of the lens, while moving the animal less than
0.2 mm. Next, a subthreshold exposure was given for 9.9 sec, with simultaneous
movement of the animal at approximately 0.01 - 0.02 cm/sec. Finally, another
suprathreshold exposure was made at the site where the animal mover had stopped
for the subthreshold exposure. The two suprathreshold exposures were later used
as visible markers to show where the subthreshold exposure had taken place.

During a subthreshold exposure a pellicle was used to split approximately
5% of the beam into a Spectra Physics Model 403 PIN diode detector. The PIN
diode signal was then displayed on a Hewlett-Packard Model 184A storage oscillo-
scope (1501 Page Mill Rd., Palo Alto, Calif. 94304). An entire 10-sec pulse
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train could then be displayed on the oscilloscope. As confirmed by a photograph
of the oscilloscope trace, the laser had not misfired during the exposure and
the pulses were of uniform intensity.

Two different methods were used to reduce the energy density on the animal
lens for subthreshold exposures. Initially, the quartz lens was moved 2 or 4 cm
relative to the corneal surface, thus increasing from 3 mm to 5 or 7 -m the hor-
izontal dimension of the beam striking the corneal surface. The alternative and
ultimately more successful approach was to use attenuation filters that left the
beam the same size but transmitted only one-third of the initial energy.

The animals were examined with a slit lamp immediately postexposure, a few
hours later, and immediately prior to sacrifice and removal of the lens. The
animals were killed with a lethal dose of Barb-Euthol (Haver-Lockhart), and the
eyes were enucleated. Successful removal of animal lenses was accomplished
using lenticular surgical techniques with the help of a surgical microscope;
care was taken to assure that no damage occurred.

Raman Spectroscopy

After removal, the lenses were frozen immediately and stored, or deposited
directly into the Raman sample container. Once frozen, the lenses became white
opaque masses but still maintained their original shape. The lenses deposited
in the sample containers were covered with a solution of balanced sterile
saline, BSS (Alcon). Distilled water and normal saline were tried first; how-
ever, intact lens integrity degraded more rapidly in these solutions. In the
BSS solution the lenses would stay optically clear and colorless for at least

OSCILLOSCOPE
DIODE
DETECTOR

ISHUTTER EXPOSURE
QUARTZ SITE

FOCUSING LENS

Figure 1. Setup for nitrogen laser exposure.
(Animal eye was positioned at exposure site.)
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4 hr. After 4 hr, they began to turn cloudy in the capsular regions, spreading
to the cortex after approximately 3 hr. The lens then appeared swollen due to
water imbibition. Next, lens breakup commenced, with the epithelial layer sepa-
rating first, followed by the cortex--leaving, undissolved, a solid nucleus.
Frozen lenses were thawed in 00C BSS, and allowed to reach room temperature
slowly. A cylindrical quartz optical cell was used as a sample container; a lid
for the cell was used throughout an experiment to help reduce evaporation of the
BSS and prevent particulate from entering the cell. The lens was positioned
with its posterior face on the cell bottom and approximately in the center.

Raman spectra were recorded using a Cary 82 spectrophotometer and a Spectra
Physics 170-03 argon-ion laser; the principal wavelength was 514.5 nm. Other
wavelengths were tried, but no significant differences in the spectral results
were observed. A 900 scattering geometry was employed; an analyzer and a polar-
ization scrambler were used for the polarized spectra. A scan time of 7 min was
needed for the range 0-4000 cm-1 which gave spectral results of good resolution
and reproducibility1 The wavenumber accuracy from calibration results is ap-
proximately t 2 cm- . Photon counting techniques were used for all recorded
spectra.

The opti-cell is shown in Figure 2. The laser beam enters the bottom of
the cell, passes through the lens and BSS, and exits through the top. The power
of the transmitted beam passing through the cell lid is monitored throughout an
experiment. For 3 - 4 hr of spectral recording, no appreciable change in rela-
tive laser beam power could be detected. This observation of constant transmit-
ted beam power confirmed the absence of gross optical changes in lens integrity,
while identical spectral results recorded at the beginning and end of an experi-
ment indicated no significant subtle changes. Also shown in Figure 2 is the
image that can be seen by the spectrometer. With this small image size,

I -OUARTZ CELL

DIRECTIONS OF POLARIZATION OF
SCATTERED LASER BEAM THAT ass_____________

CAN BE ANALYZEDBS

RABBIT LENS

II", ~ SPECTROMETER FOCAL REGION
LENGTH - 5 mm
WIDTH m0.081 mm

S DIRECTION OF POLARIZATION OF
~~INCIDENT LASER BEAM

Figure 2. Raman sampling cell with rabbit lens in place.
[BSS =balanced sterile saline]
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different regions of the lens can be examined easily. The laser beam can be
positioned to pass through the image; at this point the region of interest can
be located. Laser beam alinement is facilitated with the use of a Zeiss
surgical microscope which provides magnification for visual manipulation. The
laser beam power was varied from 100 mW to ?W at the sample for one experiment;
no spectral or visible changes occurred for powers less than 1W hitting the
sample. The actual experiments were recorded using laser powers of 100 - 300 mW
at the sample. Thus, we assumed that the lens did not undergo any spectrally
observable changes during lens extraction or Raman measurements.

Amino Acids and Other Lens Components

To help in spectral interpretations, the Raman spectra of known lens com-
ponents were recorded. All biochemicals were obtained from Sigma Chemical
Company and Calbiochem, and were used without further purification. Samples
were powders, and Raman spectra were recorded in the Cary Solid Sample Holder
for 900 scattering. Some samples were very sensitive to the 514.5 nm laser
light, and readily decomposed upon irradiation; for these samples, the condens-
ing lens was removed, thereby reducing the energy density incident on the
material. For the respective amino acids a low-gain survey scan was made,
followed by a high-gain recording. These spectra are shown in Appendix A (Figs.
A-i to A-8) and Appendtix B (Figs. B-i to B-33).

RESULTS AND DISCUSSION

Exposure Effects on Animal Eyes

Exposures to the N2 laser for durations as short as 1 sec (10 pulses) were
found to produce visible lenticular opacities in rabbits. These opacities were
not immediately observable, but became apparent several hours later. The
opacities reached maximum density in 1 - 2 days, with no change thereafter. For
monkeys, some exposures produced immediately observable opacities; and, in al~l
cases, the monkey lens opacities developed at a faster rate. Considerable
corneal clouding and epithelial oblation were present immediately after exposure
of the eyes of rabbits and monkeys. However, the corneas healed completely
within 1 - 2 days.

Raman Spectroscopy of Rabbit Lenses

The background spectrum of BSS for the range 0-4000 cm-1 is shown in Fig-
ure 3. The only observable band systems are those from water; namely, at 1640,
3250, and 3400 cm-1. At very high-gain levels, two very weak bands appeared at
927 and 1415 cm-1, as a result of salts dissolved in the BSS. This gain level,
however, is much higher than that used in the experiment, so these bands did not
interfere. Since the rabbit lens does contain approximately 65% water, the
water bands will appear in the spectrum. Polarization results indicate the
1640 cm-1 band to be depolarized, and the 3250 and 3400 cm-1 bands to be polar-
ized. In fact, in1ecossed polarized orientation W± another component
appears at 3450 cm .Te 3400 cm-1 band is strongest in intensity, with the
3250 cm-I band as a shoulder. The polarized Raman spectra of a normal rabbit
lens is shown in Figure 4. A high-gain recording for the spectral range
0-2000 cm-1 is shown in Figure 5. The cataractous rabbit lens spectra are

9



shown in Figures 6 and 7 with the same designation as for the normal lens.
The same lens was used for both normal and cataractous spectra; the laser beam
and spectrometer image were moved within the lens to coincide with one of these
areas. The frequencies, intensities, and assignments for the experimental
results are listed in Table 1. Normal rabbit lens spectra were exactly repro-
ducible from one rabbit to another. Several cataractous lenses were recorded,
and all gave results similar to those in Figures 6 and 7.

Spectrally the lens is composed of protein and water (10, 11). Water can
be of two types: intracellular and extracellular. The intracellular water can
be bound to the proteins as water of crystallization or arranged in a layered
structure. This intracellular environment for water is expected to alter
slightly its vibrational characteristics as compared with those in the free
state. The protein in the rabbit lens consists primarily of (X, o, and y crys-
tallins. In the lens, there is also glutathione, tryptophan and, possibly, cys-
teine and/or cystine. Considerable structural investigations have been com-
pleted on these proteins. The amino acid composition is known; however, the
sequences are still in question. The secondary structure is known, but the ter-
tiary and quaternary structures are unknown. Raman spectra have been recorded
for a number of crystallins, and assignments have been based on interpretation
of model compounds. Protein conformations have been explained using these
results. Principally, the position of the amide I vibration (a C=O stretch) and
the amide III vibration (a mixed N-H bend and C-N stretch) are the key indica-
tors of conformation (12-15).

The spectral results observed here support previous Raman work with bovine
lenses, in which the amide I and III bands appeared at frequencies indicative of
the anti-parallel s-pleated sheet conformation (16, 17). We observe bands at
1669 and 1235 cm-1 , and assign these bands to the amide I and amide III vibra-
tions, respectively. Thus, the position of these bands indicates that the crys-
tallins in the rabbit lens assume primarily the o-pleated sheet conformation.
Little can be said of the random coil or a-helix conformations; for these could
be present in small amounts, and their corresponding bands could be concealed in
the background. The remaining bands in the 0 - 2000 cm- 1 region can be assigned
to specific amino acid vibrations. A continuum from 0 to 400 cm-1 indicates no
resolvable lattice mode structures. No S-S vibrations are indicated, but an S-H
band is at 2575 cm-1. This band could be due to the presence of glutathione or
cysteine. In the free state, cysteine has an S-H band at 2560 cm-1, while
glutathione has an S-H band at 2530 cm- 1; thus, a tendency exists to favor as-
signing the 2575 cm- 1 band to cysteine. The most predominant bands in the 0 -
2000 cm- 1 region come from phenylalanine tyrysine, and tryptophan. Th main
band for phenylalanine is located at 1003 cm- , for tyrosine at 830 cm- , and
for tryptophan at 759 cm- 1. The C-H and N-H stretching vibrations and water
bands are in the region from 2800 to 4000 cm- 1. The water-band system is quite
interesting. The two observed bands are at 3280 and 3400 cm- 1. In the free-
water spectrum the bands are at 3250 and 3400 cm- 1. The lower frequency compo-
nent, 3250 cm- 4, corresponds to more highly hydrogen-bonded water; however, in
going from the free state to a lenticular environment, this band shifts by
30 cm - 1 to a higher frequency (less hydrogen-bonded). This band can conceivably
be assigned to N-H vibrations; however, the observed N-H band intensities for
different free amino acids appear to be too weak for the 3280 cm-1 band
intensity.

10
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TABLE 1. OBSERVED FREQUENCIES, RELATIVE INTENSITIES, AND ASSIGNMENTS FOR THE
NORMAL AND CATARACTOUS RABBIT LENS

Frequency (cm"1) Relative intensity Assignments
and Normal Cataractous

Polarization (arbitrary units)

3450* p 8.3 20.0" water
3400 p 41.0 87.0 water
3280 p 43.0 81.5 water
3060 p 31.1 33.2 C-H
3040* 4.7 - C-H
2970* 13.0 low-gain 10.5 low-gain C-H stretch
2935 p 89.0 (Fig. 4) 69.1 (Fig. 6) C-H
2870 p 40.2 32.0 C-HJ
2765 p 3.0 -
2720 p 3.0 2.7 -
2575 p 2.5 1.7 S-H

1669 p 65.2 47.3' Ami de I
1615 dp 28.4 21.7 Tyr
1603 dp 25.0 20.9 Phe
1583 p 15.4 14.3 Phe
1577 p 15.8 14.7 Trp
1548 p 27.7 19.0 Trp
1445 dp 36.5 - CH2 def.
1400 p 25.1 19.0 -
1360 p 28.1 - Trp
1340 p 38.5 27.9 Trp
1235 p 51.0 34.2 Amide III
1207 p 46.9 30.0 Phe
1174 p 21.7 high-gain 15.0 high-gain Tyr
1157 p 16.5 (Fig. 5) 11.8 (Fig. 7) C-Na
1125 p 22.0 15.0 C-N stretch
1070 p 25.7 18.0 C-NJ
1030 p 39.5 29.0 Phe
1003 p 81.2 58.9 Phe
958 p 23.6 17.6 C-Cs
935 p 24.0 19.0 C-Cf stretch
870 p 27.0 19.0 Trp
855 p 31.0 19.3 Tyr
830 p 26.5 17.5 Tyr
759 p 24.0 15.6 Trp
644 dp 7.0 5.0 Tyr
620 dp 4.2| 3.0 Phe
570 p 2.01
547 p 2.1
492 p 2.3 Cys-Cys?
420 p 1.2

*These bands appeared only in the perpendicular polarization.

[NOTE: Cys-Cys = cyetine ; dp = depolarized; Phe = phenylalanine;
Trp = tv'yptophan; and Tyr' = tyroeine.]
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The polarization results are also shown in Figures 4 - 7 and in Table 1.
The lens, although in some respects resembling a uniaxial crystal, is really a
gel-like material with a varying degree of order. To a good approximation, how-
ever, we can assume that an optic axis is still present; and enough ordering
should exist to measure polarization parallel to and perpendicular to the optic

• axis. The optic axis is assumed to correspond to a line approximately connect-
ing the anterior and posterior poles. Most of the banos in the spectra are
polarized--including the amide I vibration at 1669 cm -, and the in-plane sym-
metric ring vibration for benzene in phenylalanine at 1003 cm-1 . The out-of-
plane deformation for phenylalanine at 620 cm-1 is depolarized. In the perpen-
dicular polarization spectra, three new bands appeared in thl high-frequency
region: at 3450, 3040, and 2970 cm-1. The band at 3450 cm-  is probably
another component of the broad-water band. The fact that the amide I and amide
III bands are polarized suggests some symmetric character to their vibrations.
Thus, the lens, although not a true solid or liquid, does possess enough local
and dynamic order to allow secondary structure polarization effects. If the lens
was more of a solid (i.e., uniaxial crystal) than a liquid (gel), then orienta-
tional changes would affect polarization results.

The lens was positioned in three different orientations for spectral
recording: the axial position, in which the incident laser beam passes parallel
to the lens optic axis, and the scattered beam exits at the equator; the equato-
rial position in which the incident beam passes perpendicular to the optic axis;
an-the slanted position in which the incident beam is skewed to the optic axis.

Primarily because of ease of positioning, the axial position was used for
the four spectra presented. The equatorial and slanted positions, recorded
under essentially identical instrumental conditions, are not shown in this
report. The spectral results for all three orientations indicate that the three
spectra are essentially identical in frequency and intensity. The most impor-
tant observation concerned the polarization results among the three spectra--
all were the same. This finding seems to indicate that the polarization
observed is due to a local symmetry rather than any long-range ordering. Of
course, the polarization effects from primary structures, such as phenylalanine
(1003 cm-l), can be free-molecule polarization effects; i.e., this is a sym-
metric in-plane vibration and should be polarized--assuming a random orientation
of benzene rings. On the other hand, in the case of preferred orientation,
in-plane/out-of-plane effects should be present. These were not observed. The
polarization independence of the secondary structure band at 1669 cm-1, with
changing orientation, suggests the possibility of no preferred orientation in
the cell fiber and consequently in the lens; otherwise, the symmetry of the
vibration is such that the vibration is totally symmetric in all orientations.
A fourth polarized spectrum was recorded of the cortex which had been partially
dehydrated. The overall appearance of the spectrum is the same as for the
normal, except for the polarization effects, the water region, and the 830 cm-1
band. The water bands appear with much less intensity, reflecting lost water.
The water remaining i most likely water of crystallization attached to the
protein. The 830 cm-1 band of tyrosine has decreased in intensity, possibly
reflecting some hindered movement of its ring. Also, all bands appear to be
depolarized. Apparently, all symmetry existing prior to dehydration has been
lost; yet, the amide I and III bands have not shifted, nor have the other bands.
The results of these orientation and dehydration spectra suggest the independ-
ence of molecular orientation within the fiber cell, and also the importance of
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the protein water system at maintaining normal polarization effects and possible
transparency.

The polarized Raman spectra of the cataractous region of a rabbit lens are
shown in Figures 6 and 7. This was the same lens as for the normal lens
spectra, except that the beam was moved to the cataractous site. In the compar-
ison of normal vs. cataractous spectra, little difference exists in the low-
frequency region; however, in the water-stretching region, considerable change
occurs in band intensity. The 3400 and 3280 bands have shown a substantial
increase in intensity. This is the major change observable, but a very slight
change is also worthy of note. The peak height intensities of the phenylalanine
band (10?3 cm-1 ), the g-pleated sheet band (1669 cm-1), and the tryptophan band
(759 cm- ) were compared between the normal and cataractYus spectra. In com-
parison of the intensity ratios of the 1003 vs. 1669 cm- bands, essentially no
difference existed in the normal vs. cataractous spectral bands; however, the
1003 vs. 759 ratio increased in passing to th@ cataractous spectrum, thus
implying an intensity decrease in the 759 cm"1 band and, consequently, a concen-
tration decrease for tryptophan. This observation is reasonable, because tryp-
tophan has a UV peak absorption at 280 nm, which is in the vicinity of the
337-nm laser line. The absorption is broad and overlaps the 337-nm region.
Thus, some tryptophan could have photochemically reacted to produce a decomposi-
tion product (e.g., N-formylkynurenine). A similar change, although not as pro-
nounced, is seen in the 830 cm-1 band of tyrosine. This change also can be
explained on the basis of UV absorption. This pathway has been discussed by a
number of workers who advocate a free radical theory to explain radiation damage
to the lens (18-20). MacKeen et al. (8) have also implicated photochemical pro-
cesses involved in cataractogenesis from results of rabbit exposures to a 325-nm
HeCd laser, although they presented no concrete evidence to support their
suggestion.

The most obvious spectral change was the increase in water concentration.
Reasons for this increase in water, other than cataractogenesis, were ruled out
after a careful analysis of the system. The damage route appears to involve a
breakup of the protein-water system by the UV laser light. Before laser expo-
sure, distribution of protein and water is fixed, as indicated in the normal
lens spectra. After exposure, water migrates to the site (or microinclusion),
as evidenced by the increase in water-band intensities. This migration and
destruction of long-range protein-water order results in opacification at the
insult site. Thus, the mechanism of laser UV-induced cataractogenesis may
involve disruption of the extensive hydrogen bonding that helps to maintain the
long-range regularity of the protein-water system. This disruption of protein
layers could lead to microinclusions as water slowly migrates into the injury
sites. With the long-range order destroyed, irregularity of the index of
refraction in the injured area could give rise to the scattering characteristics
of cataracts. No conformational changes in the proteins were detected, thus
indicating too little energy or resistance or stabilization against the insult.
This finding would apparently rule out aggregation effects, which should result
in decreased intensity for the 1669 cm- band. The resultant opacity can be
explained on the basis of absorption of UV light and release of thermal energy
that is enough to disrupt the protein-water network. Usually, thermal mechanism
is meant to imply thermal denaturation of proteins (that is, a heat effect
destroying the normal protein conformation). Even though we do not observe
protein changes, we still contend that the damage route suggests mainly thermal
processes. An analogous observation and conclusion occur when an intact rabbit
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lens is boiled in water, this being clearly a thermal damage process. The lens
becomes a hard white mass, yet spectral results indicdte no protein conformation
changes. Another mechanism, labelled the "acoustic" or "nonlinear" type, ap-
pears when a very high energy density is coupled with rapid absorption; the
effect appears immediately. We doubt that this mechanism is present in our
case. Our energy is on the borderline for observing acoustic effects; in most
cases, the opacities intensified over several days. An unequivocal assignment
of mechanism type is presently premature and needs further clarification.
Interestingly, the observation of areas of increased water concentration is very
similar to that of a galactose cataract; i.e., the formation of water clefts or
water vacuoles (11).

Raman Spectroscopy of Monkey Lenses

Monkey lenses were considerably smaller than rabbit lenses and had to be
handled in a somewhat different fashion. A smaller cylindrical container was
used to provide mechanical stability. The monkey lens was also a faint yellow
due to inherent fluorescent compounds, whereas the rabbit lens was completely
colorless. As a result the Raman background scatter was slightly higher for the
monkey lens spectra. A third difference between the monkey and rabbit lenses
was in the adherence of the zonules to the equator. In the monkey lens, these
zonules were very difficult to separate, resulting in several punctured cap-
sules. Careful surgery proved to be the only way to remove the lenses success-
fully.

The monkey lens spectra, as recorded in the axial position (Figs. 8 and 9),
were almost identical to the rabbit spectra--the low-frequency profein region
being al T ost superimposable. In particular, the bands at 1669 cm- and
1238 cm- confirm the presence of the anti-parallel o-pleated sheet structure
for the proteins in the monkey lens. Most of the other bands have the same
intensity distribution and frequency position as the rabbit lens spectra, except
for two main differences: The first involves the S-S vibration at 492 cmin
assigned to cystine in the rabbit lens. In the monkey lens spectra, this vibra-
tion appears to be slightly more intense. The difference could be due to
different orientation effects or concentration effects in the two lenses. The
second major difference is in the 620 and 644 cm- bands. In the monkey lens
spectra, these bands appear to be slightly weaker; again this reflects either
orientation or concentration effects. These two differences are slight, but are
above the uncertainty introduced by compdring different spectra recorded at dif-
ferent laser power levels, spectral bandwidth, and gain levels. In the higher
frequency region, little change occurs in tk.e C-H stretching modes; but the
water-band intensities have increased signifi antly for the normal monkey lens.
The frequency components at 3400 and 3280 cm- hTve not changed in position, but
both have increased relative to the C-H 2935 cm-  stretching mode. This
increase is probably a result of increased water concentration in the normal
monkey lens as compared with that in a rabbit lens. Some orientational effect
could also be contributing to this increase. Polarization results for both the
rabbit and monkey are the same, as already described.

The Raman spectra for the cataractous region of the monkey lens are shown
in Figures 10-11. The spectral difference between cataractous and noncata-
ractous lens tissue is essentially the same as for the rabbit lens: an increase
in the water band system intensities. This increase is the only major change in
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the spectra, Again, as with the rabbit lenses, a slight decrease is indicated
in band intensities for tryptophan and tyrosine in the cataractous spectra.
These results were expected, because the cataracts produced in both animals were
very similar in appearance and in formation characteristics. The same damage
mechanism appears to be in operation for the monkey and for the rabbit.

Amino Acids

A few chemicals in the lens were recorded, and the more important ones are
shown in Appendix A. The three compounds--cysteine-HCl, glutathione-oxidized
and reduced, and tryptophan--are present in the lens, but only tryptophan can be
identified in the lenticular spectra. Kynurenine derivatives are thought to
be formed from free radical reactions in the lens, and are thus important as
an analytical measure of the amount of free radical formation; for free radical
can induce further changes leading to cataracts. This particular compound
gave no Raman spectrum, but did yield a fluorescence spectrum with a maximum
at 570.2 nm, exciting at 514.5 nm.

The following 18 amino acids comprise the lenticular proteins in the lens
of a normal rabbit:

alanine histidine proline
arginine isoleucine serine
aspartic acid leucine threonine
cysteine lysine tryptophan
glutamic acid methionine tyrosine
glycine phenylalanine valine

For these amino acids, the Raman spectra were recorded over the spectral
range 0-4000 cm- ; digitized; and replotted in an 8 x 10 in. format (Appen-
dix B1. Most of the vibrational band assignments have been made for these mole-
cules. In the spectral region above 2000 cm- 1, especially around 3000 cm-1 , all
of the molecules display a similar signature; this region contains C-H and N-H
stretches. In the region below 2000 cm-1 , however, each molecule displays its
individual features. Only a few of the modes of these molecules actually appear
in the protein spectrum, and these modes have a distinct character to their
vibration which elevates them above the protein backbone spectrum. These
assignments have been discussed in connection with the rabbit and monkey lens
experiments. Some of the amino acids were recorded as solid mixtures and as
mul ticomponent solutions. Little correspondence existed between the solid mix-
tures, solution, and actual proteins in the lens. Some of the strong features
do stand out, and this factor does aid in classifying a few of the bands in the
lens spectra. A much better technique would be to record different concentra-
tions of the a, 0, and y crystallins, and then to compare these data with the
lenticular Raman spectra.

Subthreshold Experiments

Several subthreshold experiments were attempted in order to find spectral
evidence of opacification before visual appearance, as indicated by slit-lamp
examination. Marker lesions were used to define an exposure site; the subthres-
hold dose was located between the markers. Positioning the spectrometer laser
beam between the markers was difficult and uncertain, leaving us in doubt of any
results. In some of the exposed rabbits, the marker lesions after a month
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appeared to have diffused across the subthreshold region. Also, with the marker
lesion technique, it was difficult to quantify an exact energy distribution
falling in the subthreshold area. In general these findings were inconclusive
and will have to be examined more closely in the future.

REVIEW OF RESEARCH

We have reported the polarized Raman spectra of normal and UV laser-induced
cataractous lenses in rabbits and monkeys. The lenticular proteins exist in the
anti-parallel s-pleated sheet conformation; this does not change after the radi-
ation insult and resultant cataract. The only major spectral change observed
was the increase in intensity of the water-band system (3280-3400 cm'1). This
change is thought to correspond to the effect of the high power density and
short pulse duration of the UV laser beam on the protein-water system. We
believe that this ordered system is disrupted, leading to vacuolation at the
sites of radiation insult. The results suggest that the major mechanism
involved in suprathreshold laser UV cataractogenesis is thermal in nature--a
heat-disruptive effect of the laser beam on the protein-water network, with no
observable effects on protein conformation. Although photochemical or acoustic
and/or nonlinear effects are not completely ruled out, they are certainly small
as compared with thermal effects.

Some minor differences between monkey and rabbit lens spectra were noted,
but these differences do not appear to affect the mechanism of cataractogenesis.

The experiments designed to produce cataracts in rabbits and monkeys have
proved to be quite successful in revealing molecular level changes which have
occurred after a UV-radiation insult. The mechanism proposed for UV-laser
damage may be specific to the laser and not explain long-term or latent lenticu-
lar anomalies that may appear in certain other situations. For a comprehensive
explanation, investigations of other types of cataracts would have to be under-
taken and these results compared with ours for a unified damage mechanism. A
unique Raman spectral signature has been obtained for UV laser-induced cata-
racts; the next logical step is to apply this technique to other radiation
cataracts to determine differences or similarities between their spectra.
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APPENDIX A:

RAMAN SPECTRA OF BIOLOGICALLY IMPORTANT MOLECULES, IN THE RABBIT AND

MONKEY LENSES, AS RELATED TO RADIATION EFFECTS

[(LG) = low gain; (HG) = high gain]

29
- Ph3 5. NO



* 1E

7,-B,

Z.7.E

Im

3SOU 3000 2500 2000 t500 1000 Soo B

FREQUENCY (CM
-
1)

Figure A-I. Cysteine-HC1 (LG), 25 Sep 78.

100

so

70

4

20

I,

3500 3033 2sU0 2000 1500 i000 Soo 0

FREQUENCY (CM
-1 )

Figure A-2. Cysteine-HC1 (HG), 25 Sep 78.

31



110

9

70

tI:

S40
me

30

20

10

3900 3000 2500 2000 1900 1000 KOO 0
.RE'UENCY (CM-H)

Figure A-3. Glutathione - Reduced (LG), 2 Oct 78.

100

so

90

70

IB

so

so

4,

*30

20

3S00 3000 2s09 2000 1900 1000 Soo 0

FRMUENCY (CM- 1 )

Figure A-4. Glutathione - Reduced (HG), 2 Oct 78.

32



Ioo

9,

70So.

3

20

10

. . .. . . . . . . ~ i~ I . . .I . . . .

350 3000 2500 2000 I~3 1000 Soo 0

FReqUENCY (CM
-
1)

Figure A-5. Glutathione - Oxidized (LG), 2 Oct 78.

100

90

70

20

I0

III,:::: : 1::: :: . I: :::: l ii I :: :: :

3s0U 3000 2500 2000 Io 1000 Soo 0

rREGUENCY (C1-I)

Figure A-6. Glutathione - Oxidized (HG), 2 Oct 78.

33



_- !

7.

i _

Im

3500 3000B 2500 2000 l smo 100 Soo aw

FREG UENCY C CM - )

Figure A-7. DL-Kynurenine, 25 Sep 78.

100.

90

0

i0 .

IB

Figure A-. DL-ptnphenn, 25 Sep 78.

03r7.

1240-

20-

-- t-
4  

- - ---- + -4 +- -4-+ - 4 - -
3900 3000 ?SOO~ 2?1ki I SOO 1000 Soo 0

FPEtMUENCY (CM-
1

)

Figure A-8. Tryptophan, 28 Aug 78.

34



APPENDIX B:

RAMAN SPECTRA OF AMINO ACIDS IN RABBIT AND MONKEY LENSES

[(LG) = low gain; (HG) = high gain]
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Figure B-24. Proline (LG), 26 Apr 78.
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Figure B-25. Proline (HG), 27 Apr 78.
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Figure B-26. Serine (LG), 20 Apr 78.
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Figure B-27. Serine (HG), 20 Apr 78.
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Figure B-28. Threonine (LG), 26 Apr 78.
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Figure B-29. Threonine (HG), 26 Apr 78.

51



*a,

7'

B

sm

t2
1 3

23

I3

3SOI 3EmE Rs1 2000 Isa l 15am Sam 0

FREMUENCY CCM 
1
)

Figure B-30. Tyrosine (LG), 11 Apr 78.
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Figure B-31. Tyrosine (HG), 11 Apr 78.

52



100

0

70

40

20

10

3SO0 3000 2soo 2008 [Soo 10800 So

FREQ2UENCY (CM-
1
)

Figure B-32. Valine (LG), 2 May 78.
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Figure B-33. Valine (HG), 2 May 78.
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